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Recent measurements of the L ,;VV auger spectrum of Al by Powell, have shown that the observed
energy distributions do not correspond to the self-convolution of the Al bulk density of states. Attempts
to account for this discrepancy in terms of energy-dependent matrix elements and inelastic scattering of

the ejected electron are described here.

Powell! has observed the Auger spectrum of the
L,aVV transitions in Al for electrons which are
ejected into a small solid angle centered ~60° from
the normal to the surface. For such an Auger
transition, it was expected that the energy distribu-
tion would be similar to the self-convolution of the
conduction-band density of states, %3

N'@E-€0)=(/a) [[Hanple+apt -2) (1)

with 7/ a? some constants, p(£) the band density of
states, 2{ - €, the final-state energy, and £,=¢ if
E<3eg or £,=€z -t if £>3e;. In the case of the
free-electron gas which is a reasonable model for
Al, p(£)=at'’2, The relevant energy-level dia-
gram for the L,3VV transition and the form of the
energy distribution are shown in Fig. 1. Here
energies are referenced with respect to a zero at
the bottom of the band. The Fermi level is at €5
and the core level at €. with €, a negative number.
Within this convention, the core-electron binding
energy as usually defined would equal €5 — ¢,. The
experimental results of Powell indicate that the
maximum in N'(2¢ - €.) falls at an energy ~5 eV
above the maximum predicted by folding the Al
density of states into itself, suggesting that either
matrix element and/or surface effects cannot be
neglected, as they have been in Eq. (1). In either
case, some mechanism is required which overly
emphasizes the role of the higher-energy initial
states €; and €, in the Auger process. To date,
only limited theoretical work has been done on
Auger transitions involving valence states.*®

First the energy dependence of the matrix ele-
ment for volume Auger production was considered
as a possible source of correction. The custom-
ary' two-electron Auger matrix element was evalu-
ated following the theory of Joyes and co-workers®
Without going into details here, the net result of
using an energy-dependent matrix element was
that the theoretical energy distribution then had a
maximum which was slightly shifted (~0.5 eV) to-
wards lower energies. However, this effect is
comparatively small and will henceforth be ne-
glected.

As a consequence of inelastic attenuation!!~!3

of

the final-state electrons, the unscattered electrons
which are ejected must originate from a region very
close to the surface. In fact in the energy range
50-70 eV above the Fermi level, the theoretical
energy-dependent mean free path /, is near its
minimum value!® 4 of ~3 A. All low-energy-elec-
tron-diffraction (LEED) analyses!® of Al agree that
a value of 1, ~4 Ais approximately the correct re-
sult at these values of energy. The Al overlayer
experiments of Tracy'® suggest a somewhat smaller
value of [,~3 A. To include the influence of elec-
tron attenuation on the L,3VV spectrum, as a first
approximation Eq. (1), the self-convolution of the
bulk density of states is replaced by

N'(2t - )~ (Y/az)fomdz e
x [uanp(e+a; 2ot -a;2),  (2)

where the metal is assumed to occupy the semi-
infinite half-space z <0 with z normal to the sur-
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FIG. 1. Energy-level diagram depicting a CVV auger
transition. The cross-hatched area is the occupied
portion of the conduction band and the Fermi level is at
€ =€z, Also shown is the resulting energy distribution.
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face, p(¢; z) is thelocaldensity of statesat z, k=1/1, Vg (Fp, 2) = (2/Q)"/ 2 sink, z 77 (3)
Xcos#, 0 is the angle between the electron trajec- . . )

tory and the surface normal (which in the experi- with & the volume of the crystal. Using Eq. (3.) n

ment of Powell was ~60° neglecting refraction ef- Eq. (2) and converting the sum to an integral, it is

fects at the surface), and I, is the total effective a sxmp.le exercise to show that the local density of

mean free path. states is given by

The local density of states is given by p(&; 2)=at’?[1 -sin2k(t )z/2k(¢)z) (4)
with k(&)= [(2m/%?) £]}/% and at!/%=p(t), the bulk

plg; 2)=2 J[‘I’i’(fr; 2) |2d27’r 5(t - e(k)), density of states. The important feature of Eq. (4)

% is that for small z, p(; z)~p(t)t2? and in this re-

gion, for a given z, the states of higher £ are

where \I/;(FT, 2) is the electron wave function, e(k) weighted more heavily than those of lower ¢ in the
=(n%/2m) (K2 + k%), ky is the wave vector in the bottom part of the band as contrasted to their
transverse direction, the 7, integration averages weighting in the bulk. This is just the type of
the integrand over all the surface, and the sum is mechanism demanded by the Powell data. Insert-
over all states k on the constant energy surface. ing Eq. (4)into Eq. (2)twice, once for ¢ + A and once
For simplicity sine wave functions are used in the for £ - A, and performing the z integration,!” the
z direction so resulting energy distribution is

]
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where k,=[(2m/n?)(£ +A)]"2. Equation (5) has been  local charge density increase from zero to the in-

numerically integrated treating I, =2/« (i.e., ternal value occurs over a distance ~0.4)X;. The
cosf = 3) parametrically, taking e;=11.6 eV, role of the mean free path is to favor the region of
€.=-61.4 eV (- 73 eV with respect to the Fermi small z and thus rising charge density as the
level), and the resulting normalized N "2t - €c0) source region of unscattered electrons. Since

vs 2¢ curves are shown in Fig. 2. The curve this inhomogeneous region, in the sine wave case,
labeled p* p is the bulk expression given by Eq. is only ~1 the thickness of the region in the self-

(5) with k-~ 0. The curve labeled Expt. is the ex-

perimental curve due to Powell.! As J, decreases,

the peak position in the energy distribution moves + 00| L LA Y S Yy S
higher in energy towards the experimental curve.

This is due to the greater weighting of high-energy

states as the unscattered electrons originate s
closer to the surface.

Although the sign of the peak shift due to surface
localization is correct, no curve which was cal-
culated using a realistic value for I, yielded a peak
shift large enough to fully account for the experi-
mental results. However, the restrictive choice
of sine waves rather than more realistic wave func-
tions affects the results adversely. The total local
charge density, obtained by integrating Eq. {4) on o = L - L .- 2
energy from £=0 to £ = €5, rises from zero at 26 (eV) —
z=0 to its internal value in a distance ~0.2),
where X, is the Fermi wavelength. The local FIG. 2. Al Ly, VV auger spectrum under various
charge density obtained from the self-consistent conditions. The curve labeled pxp is the self-convolu-
e . 18 . . L. tion of the free-electron density of states, Expt. is the
jellium calculations of Lang™ is qualitatively simi- experimentally determined spectrum (Ref. 1). The
lar to the integrated Eq. (4), although the surface curves labeled with values of I, are calculated from Eq.
boundary conditions are not as stringent as in the (5). The energy scale runs from 2£ =0 to 2£ =2€5=23.2
infinite square well. The consequence is that the eV.
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consistent case, an attenuation length of ~1 the
realistic value is required to achieve equivalent
surface localization. On this basis N’ from Eq.
(5), with 7,~1.5 ;X, should be most representative
of a true energy distribution from a sample with
=3 A. Allowing for this correction, the surface
localization accounts for about half the peak shift.
Perhaps, other matrix element effects which are
present in the surface region but not in the bulk,
are responsible for the additional peak shift.

Last, it should be pointed out that the experi-
mental curve, as drawn in Fig. 2, is a result of

|©©

subtracting a plausible but arbitrary background
from the raw data. Other choices of background
subtraction could shift the peak downwards by as
much as 1 eV. The steep rise ~10-15 eV below
threshold has been postulated® to be due to elec-
trons inelastically scattered from surface or bulk
plasmons. Since this portion of the inelastic back-
ground has not been removed from the data, the
theoretical and experimental curves are not ex-
pected to coincide on the low-energy side.

The assistance and helpful discussion with Dr.
C. J. Powell is gratefully acknowledged.
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